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Abstract: This paper presents engineering reasoning as the basis of a new research framework for system design. While 
scientists necessarily focus on examining natural phenomena to explain our surroundings, engineers center their efforts on 
applying scientific knowledge, life experience, and their own creativity to build useful things. However, engineers are seldom 
exposed to the range of research methods that could enable them to formulate better engineering solutions. Quantitative 
means to generate data, develop statistical evidence, and support design decisions dominate engineering research. Departures 
from traditional methods of inquiry are rare and not readily apparent in engineering courses. Inevitably, exploratory 
approaches in engineering hinge on numerical techniques, which align neatly with the educational journey that most engineers 
experience. The conventional approach incrementally converges on a solution. However, this way of driving towards a design 
can often overlook the value of divergent thinking and alternative logic. Engineering reasoning consists of abductive thought, 
as well as deductive and inductive rationale, each pointing to different research approaches. Retroduction iteratively employs 
these classes of reasoning throughout the design process. The linkages between engineering reasoning and methods of inquiry 
are foundational for developing a robust course on research methods for systems engineers. The engineering design process 
motivates lines of thinking to specify the design components of the engineering solution. Each class of reasoning has a distinct 
purpose for defining the grounds (design variables), warrants (design knowledge), and conclusions (design specifications) that 
are involved in the engineering problem. The method of inquiry is bound by the design component that has been given, and 
that which must be derived. Deductive reasoning seeks design specifications when the design variables and knowledge are 
known. When the design variables and specifications are given, then inductive thinking is applied to develop knowledge about 
the engineering problem. Lastly, abductive logic unearths design variables that are important to the design problem. To obtain 
the missing information, systems engineers must adjust their thinking and apply appropriate research techniques. This new 
research framework offers a mixed method approach to improve solutions development. 
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1. An overview of engineering research 
Engineering research is infused with the scientific method, which proposes a hypothesis for which the scientist 
collects evidence. The means of acquiring information to support or negate the hypothesis is decidedly 
quantitative. Experimentation, numerical modeling, curve fitting, and other empirical means are among the 
most used techniques. Similarly, engineering research is immersed in these standard practices. Not surprisingly, 
scientific endeavors most often apply common methods of inquiry to converge on a provable “truth” that adds 
to the body of knowledge. Engineering research parallels this goal with a significant distinction; discovery of new 
knowledge serves the primary purpose of developing functional design solutions to an engineering problem.  
 
As long as systems remain relatively one-dimensional, it is acceptable to continue with convergent thinking and 
iterative processes that employ customary research methods. However, systems continue to grow in their 
complexity. The surge in technological advancements, greater depth of interactions between operators and the 
system of interest, as well as the exponential necessity for developing systems of systems to address increasingly 
complex issues demand novel approaches to augment conventional practices.  
 
A need to think about engineering problems differently emerges from recognizing that simplistic systems are no 
longer the norm. In academia, engineering research is often linear, consisting of 1) Introduction, 2) Specification, 
3) Experimentation, 4) Verification, and 5) Conclusion (Nagabhushan, 2016). Bates (2008) focuses on data and 
decision-making and presents the steps as 1) Problem Definition, 2) Data Identification, 3) Data Gathering, 4) 
Data Analysis, 5) Data Presentation, 6) Information, and 7) Decision Making. Generally, a research plan will 
combine one or more of these elements and center on numeric techniques (Thiel, 2014). Regardless of the 
research model, each reinforces the idea that a new way of reasoning is missing in the education of many 
engineers. This paper describes how engineering logic and retroductive thinking apply to the design process in 
ways that guide engineers to consider other methods of inquiry. The overall framework results in an innovative 
research methodology that can be developed into a more comprehensive course in research methods for a new 




2. Systems engineering  
The International Council on Systems Engineering (INCOSE, 2018) defines systems engineering as the 
“interdisciplinary approach and means to enable the realization of successful systems.” In this spirit, engineers 
conduct research to develop physical solutions to problems. Moreover, engineering reasoning maintains that 
the quality of engineering research is primarily based on its fundamental purpose and an identifiable problem 
or issue (Paul, Niewoehner, and Linder, 2013). Engineering methodology insists on a clear problem definition as 
a result of detailed discussion and study among the triad of client, designer, and user (Blanchard and Fabrycky, 
2011; Clym and Little, 2000). Figure 1 presents the Vee model for the systems engineering process. We focus on 
the left side of the Vee, which results in a design solution that in turn, initiates the right side of the diagram, 
culminating with a product that delivers a desired capability (Defense Acquisition University, 2018). 
 
Figure 1: Systems engineering is a process to address the engineering problem with a concrete solution. The Vee 
model is just one approach (Defense Acquisition University, 2018) 
To introduce engineering reasoning in the following sections, we begin with Figure 2, a conceptual model for the 
engineering design process (Dym and Little, 2000). While other models for the design process exist, they share 
many activities such as the articulation of a problem from an established stakeholder need, followed by stages 
that sketch a rough design and progressively refines it into a final design solution. 
 
Figure 2: This basic engineering design flow provides a common understanding of the activities that system 
designers undertake (Dym and Little, 2000). It is a start point for refinements in the process 
The design process begins, as it does in the engineering model, with a bona fide need from a customer. Through 
inquiry the engineer develops a problem statement that drives design activities and establishes objectives. The 
conceptual phase focuses on specifications and schemes for design alternatives. During preliminary design the 
lead engineer or committee selects a design after analysis of the alternatives. Prior to communicating the design, 
the engineering team refines and optimizes the chosen design. This step includes a final review of the design 
and proposed fabrication specifications. The design process ends in the last two blocks of Figure 2 with 






Design incorporates strategic thinking and requires all aspects of engineering reasoning. It is within this process 
of the systems engineering model that convergent and divergent thinking co-exist. Through these differing views 
for arriving at a solution is where the value of engineering logic comes to light. The connection between 
engineering reasoning and steps in the design process are the subject of the following sections. 
3. Engineering reasoning and the design process 
Engineers use language based on rational thinking (Paul, Niewoehner, and Elder, 2013). It follows that design is 
meant to be an organized and “thoughtful” exercise toward a real solution to the engineering problem. The 
American philosopher Charles Peirce distinguished three classes of reasoning: deductive, inductive, and 
abductive (Nozawa, 2008). They underpin the design process and are distinct in the design elements that are 
present or absent when the reasoning is applied.  
 
As Wasson (2016), Blanchard and Fabrycky (2011), Buede (2009), and other engineering practitioners describe, 
the system design environment often begins with an understanding of important factors to the engineering 
problem, the current experience of the design team, as well as their knowledge about the system. We define 
the engineering problem in terms of design elements. They consist of grounds (design variables – V), warrants 
(design knowledge – K), and conclusions (design specifications – S). Table 1 summarizes each type of logic in 
terms of V, K, and S (Whitcomb and Hernandez, 2017).  
Table 1: The types of engineering reasoning are distinguished by the design elements that are given and that 
which must be derived (Summers, 2005) 
 Given Derived 
Deductive V, K S 
Inductive V, S K 
Abductive K, S V 
As Table 1 indicates, the objective for applying a specific type of engineering logic is to obtain the missing design 
element in the relevant stage of the design process. For instance, deductive thinking focuses on the study of 
design variables and the design team’s current knowledge to develop design specifications. Similarly, inductive 
and abductive reasoning surface in other phases of engineering design.  
 
Summer (2005) further refines the application of engineering reasoning to the design process by introducing 
reductive thinking. Figure 3 shows retroduction as an iterative implementation of different classes of logic that 
can parallel the design process. This cycle leads to innovations for examining the engineering problem.  
 
Figure 3: Retroductive thinking or retroduction model 
Retroduction guides discovery of new design variables, greater understanding of the operational concept for the 
system or context for its use, and development of new system specifications. It promotes careful, iterative study 
of the design elements that leads to new solutions that manifest into a physical system. For clarity, we list the 




1. Present and/or re-examine the engineering problem. 
2. Deduction tries to explain the problem and derive constraints. 
3. Abduction and deduction generates specifications and solutions. 
4. Deduction forms a plan for analyzing solutions. 
5. Induction compares designs with specifications. 
6. Abduction proposes new hypotheses and generates a new round of thinking that includes new variables, 
knowledge, and/or specifications. 
The logic involved in each step of this process greatly influences the choice of research techniques, and 
consequently, shapes the engineer’s overall research methodology. 
4. Applicable methods of inquiry based on engineering logic 
The design process produces the design artifact (solution) that addresses the engineering problem (Summers, 
2005). When engineers require more information about the design elements, they apply different research 
techniques to fill the gaps in the known data. These techniques directly link to engineering reasoning. 
4.1 A discussion of deductive, inductive, and deductive thinking 
Each class of Peircean logic springs from inferential science and introduces the Peircean Science of Inquiry 
(Nozawa, 2008). This approach eventually evolves into the scientific method and subsequently helps frame 
engineering research. Therefore, it is practical to have a lengthier discussion about each class of reasoning. 
 
Deductive reasoning is when the design variables and design knowledge about the engineering problem are 
known. This is usually the case at the beginning of the design process. As a simple engineering example, consider 
a need for a beverage container. Design variables can include the amount of liquid that the container holds, 
weight of the container itself, or the frequency that it will be used during a given time period. Knowledge about 
the problem consists of the density of liquids and the properties of potential material for the container. Other 
information about the engineering problem includes rules about the relationship between the strength of the 
material and its ability to hold the weight and density of a particular liquid. Given these design elements, 
deductive reasoning analytically determines the specifications of the container. The designer would make 
conclusions (specifications) about the maximum size of the container, the minimum amount of liquid it should 
hold, its durability, or the amount of fatigue (weakening of material) incurred for a given applied load. An 
evaluation of these conclusions can measure the suitability of the design.  
 
Inductive reasoning is a process to derive design knowledge. Knowledge is a set of facts about the system or 
similar systems, and the system designer’s level of experience and study about the system. During the design 
process, it may happen that the accumulated knowledge about the system is insufficient to continue with its 
design. This situation prompts the design team to obtain additional information through inductive thinking. At 
this point, the engineer would have a set of design variables and design specifications. However, the information 
about causal relationships between variables or even the concept of operations for the system may be vague. 
Experimentation is a natural technique in inductive thinking. Test runs keep certain design variables constant 
while varying other variables, and measuring the impact on the design specifications. Analysis develops a 
mathematical expression for the relationship. Take the beverage container example. The engineer would hold 
the amount of fluid constant, vary the container material, and subsequently measure the fatigue that the 
container sustains during the experiment. Another approach would be to evaluate the amount of fatigue that 
each type of material shows as the amount of liquid is increased. The resulting relationship between material 
properties and fatigue informs the engineering problem.  
 
When design knowledge and specifications are given, abductive thinking aims to discover new design variables, 
or to re-examine design variables that the engineer had previously considered as unimportant to the problem. 
Continuing with the beverage container example suggests how abductive thinking could take place. We have 
identified that fatigue related to the material properties of the container is an important measure of the design. 
However, it is not certain that only the material properties contribute to the fatigue that the container may 
exhibit. For instance, the conditions of the experiment may involve other factors such as the temperature of the 





these new factors in an experiment may prove them significant to the level of fatigue that occurs. In this 
example, not only does this approach identify new design variables (temperature, speed), but it also alters the 
context for using the container—system knowledge. 
4.2 The retroductive design process 
Retroduction is not a class of logic. It is a process that applies the different classes of engineering reasoning. As 
presented in Figure 3, the retroductive process is cyclic. In Table 2, we linearize it to associate it with the 
engineering design process (Summers, 2005). The comparison shows a clear connection between retroduction 
and design. We focus on the last column of Table 2 to identify applicable research techniques.  
Table 2: Implementing the retroductive process into the engineering design process (Summers, 2005) 
Step Retroductive Thinking Retroductive Design Process 
1 An unexplained fact is observed Design specifications are provided 
2 An exploration of the relationships with the fact(s) is made 
Assimilation of the design specifications, including trying 
to determine secondary constraints and the relationships 
(explicit and implicit) between requirements, constraints, 
and goals 
3 
Abductive reasoning is applied to 
make a guess to explain the fact 
(either through selective or creative 
hypothesis formation) 
Abductive reasoning is used to generate possible design 
solutions. These solutions may be generated either 
through routine or novel strategies. 
4 Deductive reasoning is applied to ready the explanation for testing 
Deductive reasoning is used to formulate an analysis of 
the posed solution(s)—this may include identifying 
additional design variables that are part of concern and 
the known relationships between them and the 
specifications 
5 Inductive reasoning is applied to test and evaluate the guess 
Induction is used to compare the original design 
specifications against the values for the specifications 
based upon the analysis of the design solution. Induction 
is used to determine possible correlations of the 
deficiencies between the desired and calculated. These 
correlations are accepted into the design knowledge as 
new knowledge—temporary 
6 
Abduction or deduction is used to 
interpret the evaluation and the 
cycle begins 
Abduction may be used to propose new hypotheses for 
why the deficiencies exist or deduction may use known 
knowledge for reasoning about the deficiencies. Based 
upon the hypotheses (abduction) or the conclusions 
(deduction) changes are made to the original hypotheses 
(design solutions) through abduction. The cycle repeats. 
4.3 Motivating methods of inquiry in the design process 
The desire to discover new information or clarify an ill-defined design element in the engineering problem drives 
the application of a specific class of reasoning in the design process. It motivates the associated research 
techniques. We map the tasks in engineering design that are correlated with retroduction. Figure 4 is an example 
of how these engineering concepts, logic, tasks are linked with different methods of inquiry. It is not an 
exhaustive list of research methods, but it is representative of how an engineer may develop a useful research 
methodology to support the design process. Note that we do not include the communication and documentation 
steps from Figure 2. 
 
Many of the research methods in Figure 4 have detailed discussion in many texts for research design such as 
Creswell and Poth (2018), Thiel (2016), Creswell (2014), along with Dym and Little (2000). As Figure 4 suggests, 
combining the engineering tasks with the way that the engineer thinks about the task leads to more than just 
numerical approaches. For instance, abductive thinking would include crowd sourcing to develop new ways to 
think about the problem and solutions for it. During preliminary design, inductive thinking tests and determines 
significant correlations between variables that are present in the system. Blueprinting is a business management 
approach to testing new processes, but for an engineer it may be an unconventional means to gain a better 
understanding of interactions among system variables (Millson and Wilemon, 2008). As an example, introducing 




the service bays is technologically advanced enough to evaluate the car. The owner may also review if the shop’s 
capacity can handle the electrical load the car demands. Blueprinting is a non-numeric approach to consider 
other important factors in the problem. While this paper introduces some different research methods to address 
tasks in the design process, it is the creativity and intellectual agility of the engineer to develop a research 
methodology that fits the engineering problem. 
 
Figure 4: Mapping research techniques with engineering logic and the design process provides an idea for how 
engineering reasoning can help develop a more comprehensive structure for engineering research 
5. A framework for a course in engineering research based on engineering logic 
All previous discussion in this paper establishes the foundation for developing a new course in research 
methodologies for engineers. Such a course centers on engineering reasoning as an innovative way to prepare 
a new generation of engineers on how to handle research challenges in a world of complex systems.  
 
The course is an eleven-week program of instruction that consists of three major sections and approximately 
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the different classes of logic and retroductive thinking. Part III is a set of modules that explores potential research 
techniques that are appropriate for the required tasks in the engineering design process. A number of methods 
to assess student achievement of course objectives is administered at appropriate junctures in the program.  
5.1 Course textbook and study material 
Appropriate textbooks for the course include Research Methods for Engineers (Thiel, 2016) and Research Design 
(Creswell, 2014). Pamphlets such as The Thinker’s Guide to Engineering Reasoning (Paul, Niewohner, and Elder, 
2013) are a staple for the class. Additionally, the instructor selects articles that are relevant to course objectives. 
Presentation slides are the basis for dialogue during lecture hours. In-class lab material is instructor provided. 
5.2 Course introduction and research basics 
Part I of the course identifies course objectives and learning outcomes. It involves a thorough discussion of 
engineering research terminology. It reviews the design process that has been discussed in previous courses in 
the Systems Engineering curriculum. A study of traditional research methods provides the student a working 
knowledge. This section of the course ends with an introduction to research design and planning activities. 
5.3 Modules for engineering reasoning 
A short history on reason and logic begins this section of the program. Study modules for abductive, inductive, 
and deductive thinking are the primary focus in this part of the course. The instructor or course coordinator 
invites guest lecturers who are subject matter experts on each of the specific class of logic to complement class 
material. A discussion of the retroductive process shows the iterative application of the major classes of 
engineering logic. It initiates the discussion between design and engineering reasoning.  
5.4 Modules for linking research techniques, engineering logic, and the design process 
The program of instruction calls for detailed discussion of quantitative and qualitative research techniques that 
were not presented in the first part of the course. Instruction centers on linking steps in the design process, 
corresponding tasks or objectives of design step, and the class of engineering reasoning that governs how to 
address the tasks. Potential research techniques are studied for their suitability to achieve the design objectives. 
This set of study modules is essentially an examination and explanation of Figure 4. 
5.5 Evaluating student achievement of course objectives 
Periodic quizzes after the first week of class reinforce key concepts that correspond to course learning objectives 
and outcomes. The student is required to read several advanced papers on relevant topics throughout the 
course. The student provides a short paper and a 20-minute presentation about each article to discuss its 
significant points. On the eleventh week of the program, the student develops a research design for a given 
system as a capstone for the course. Evaluation centers on the degree that the student applies course concepts 
and tools. Accompanying the research plan is an argumentative paper that should justify the resultant design. 
The course has no midterm or final exam. In keeping with theme of the course, final grades are awarded in 
accordance with thresholds described in The Thinker’s Guide to Engineering Reasoning (Paul, Niewohner, and 
Elder, 2013). 
6. Conclusions 
Traditional practices regarding engineering research rarely address a wide range of research techniques. 
Education for engineers frequently limit research methods to numeric approaches. Additionally, the engineer 
mind set is seldom aware of different ways to think about a problem, thereby narrowing the choice of research 
techniques that are used in the design process.  
 
Fashioning a research methodology that centers on engineering logic opens opportunities for applying new 
research designs that may improve engineering solutions. Linking the design process and tasks with engineering 
reasoning lead to a greater variety of research techniques. The application of different research methods has 
potential for discovering more information about the design elements, which prompts closer examination of the 
final design. Increased scrutiny of the design and corresponding justifications for it leads to a set of more robust 




Capturing the retroductive design process in a new course on research methodologies for engineers is a 
reasonable step to improve engineering research and eventual engineering solutions. This paper develops the 
basis for such a course and introduces a template for a program of instruction. It offers the opportunity for other 
engineering research practitioners to enhance the preparation of a new generation of engineers. 
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